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Abstract: Plastic waste leaves a serious environmental footprint on the planet and it is imperative to
reduce this. Consequently, recycling has been regarded as an important approach in providing one
solution to this problem. In this study, we enhanced the value of polypropylene (PP) plastic waste by
using it as a hydrocarbon source to synthesize a variety of spherical carbon nanomaterials. Here, a
CVD method was used to decompose the PP initially into a hydrocarbon gas (propylene). Thereafter,
PP was employed to synthesize solid carbon spheres (SCSs), hollow carbon spheres (HCSs), and
nitrogen-doped hollow carbon spheres (NHCSs). The latter two were made using a silica template
while the N-doping was achieved by the addition of melamine to PP. Yields obtained were between
12–20%. The SCSs (d = 800 nm to 1200 nm), HCSs (id = 985 nm; shell width = 35 nm), and NHCSs
(id = ca. 1000 nm; shell width = 40 nm) were all characterized by TEM, SEM, TGA, laser Raman
spectroscopy, and XPS.

Keywords: hollow carbon spheres; nitrogen-doped hollow carbon spheres; carbon spheres; plastic
waste; silica spheres

1. Introduction

The disposal of plastic waste material ranging from the nano- to the macro-scale has become a
serious contemporary environmental issue [1–3]. This arises partly from the sheer volume of plastics
produced (over 100 × 109 kg per annum [2]) and the lack of a ‘cradle to grave’ approach to the
synthesis, manufacture, use, and disposal of plastics [4]. Many approaches have been proposed
to address this issue, including the recent launching of the Alliance to End Plastic Waste (AEPW;
www.endplasticwaste.org) by numerous plastics manufacturing companies to address the issue of
plastic pollution of the environment.

Approaches to the disposal of plastic waste vary and include: 1) Generating polymers that will
decompose with time via built-in chemical procedures [5,6], 2) The development of enzymes/bacteria
that will decompose polymers [7], 3) Landfill options, and 4) Thermal decomposition by combustion [8].
In this latter option, the possibility exists to convert these waste plastics into high-value materials
that could be re-used by society [9,10]. For example, plastic waste can be converted into spherical
carbons and these spherical carbons can be solid or hollow and can be made with a range of sizes
and porosities. These spherical carbons have been used in areas such as energy storage (batteries and
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capacitors), adsorption, catalysis, drug delivery etc. [11–13]. This paper provides an example of this,
describing how a common waste polymer, that is, polypropylene (PP) was converted into higher value
spherical carbon nanomaterials.

PP is a common polymer found in society and is used in making films, fibers, tapes, etc. for use
in the packaging of consumer products, in the automotive industry, and in textiles [14]. PP has also
been used in more sophisticated items, such as centrifuge tubes—the material that was used in this
study. Previous studies to convert waste polymers into high-grade chemicals have been reported.
For example, the conversion of polystyrene and polyethylene into carbon nanotubes (CNTs), carbon
nanofibers (CNFs) and carbon spheres (CSs) has been well documented [15–25]. Less work has been
reported on the use of PP in similar studies.

Thermal studies on the conversion of PP to CNTs/CNFs have been successful, but the process
required the use of a catalyst [24–26]. Attempts to produce spherical PP derived materials have been
less successful. For example, the reaction of PP with Co(acetate)2 as a catalyst produced a mixture of
hollow carbon spheres (HCSs) and solid carbon spheres (SCSs) [25], while thermal plasma treatment of
PP gave a mixture of poorly formed SCSs and CNTs [27].

The synthesis of SCSs [28,29] and HCSs [30,31] from hydrocarbons is well documented and their
synthesis does not require the use of a catalyst. Thus, a simple process for the conversion of PP waste
to produce a pure carbon material with a morphology dependent on the reaction conditions and choice
of chemical reagents should be straightforward. Herein, we report on the use of used PP centrifuge
tubes as a carbon source to make SCSs, HCSs, and nitrogen-doped HCSs (NHCSs).

2. Experimental Section

2.1. Chemicals

TEOS (98%, Aldrich), NH3 (25% Fluka), isopropanol (Merck 99%) and deionized water were used
as reagents for the synthesis of silica spheres. HF (40% Associated Chemicals) was used for silica
removal. Monodisperse silica spheres with a diameter of 1000–1200 nm were synthesized according to
a modified Stöber procedure [32,33].

2.2. Synthesis of SCSs

A similar procedure as used in [26] to make carbon materials from PP in a steel reactor was used in
this study to make carbon materials in a quartz reactor. The same waste polypropylene (PP) centrifuge
tubes were used as the hydrocarbon source. The PP tubes were washed, dried, and chopped into
0.5 cm × 8 cm pieces prior to use. The quartz tube reactor was placed in a two-stage CVD reactor, that
is, a system containing two ovens that could be heated at two different temperatures (Supplementary
Figure S1). The PP pieces were placed in the first stage of the reactor. The procedure used is provided
in the Supplementary Materials (Figure 1).

The SCSs were obtained by the decomposition and vaporization of solid PP. In a typical synthesis,
2.0 g of used PP centrifuge tubes was placed in the quartz tube in the first stage of the CVD reactor
while the temperature of the second stage reactor was increased from room temperature to 900 ◦C with
a ramping rate of 10 ◦C·min−1 under a flow of 100 sccm argon gas. Once the temperature of the second
stage reactor was reached, the temperature of the first stage of the CVD furnace was ramped to 500 ◦C.
The synthesis was maintained for 1 h followed by the natural cooling of the reactor. The SCSs were
then collected from the quartz reactor.

2.3. Synthesis of HCSs

In a typical synthesis, 1.0 g of silica Stöber spheres was placed in a quartz boat in the second
stage of the CVD reactor. Used PP centrifuge tubes (ca. 2 g), contained in a quartz boat were placed
in the first stage of the CVD reactor. The temperature of the second stage reactor was increased
from room temperature to 900 ◦C at a ramping rate 10 ◦C·min−1 under a flow of 100 sccm argon gas.
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Once the temperature of the second stage was reached, the temperature of the first stage of the CVD
furnace was ramped to 500 ◦C. The propylene gas generated from the PP was deposited on the Stöber
spheres. The reaction was maintained for 1 h and then the reactor was allowed to cool. This gave the
silica/carbon material. HCSs were obtained by the removal of the silica template, with 10 mL of 10%
HF solution for 24 h. Thereafter the HCSs were filtered and thoroughly washed with distilled water
until a neutral pH of the washings was achieved.
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Figure 1. A graphical representation of solid carbon spheres (SCSs), hollow carbon spheres (HCSs), and
nitrogen-doped hollow carbon spheres (NHCSs) synthesized from waste polypropylene (PP) material.

2.4. Nitrogen-Doped HCSs

The synthesis of the nitrogen-doped hollow carbon spheres was accomplished by the modification
of the synthesis of the HCS material. The synthesis was performed by mixing melamine (1.0 g) with
the PP centrifuge tubes (4–5 pieces; ca. 2 g), and this mixture was placed in the first stage of the reactor.
Silica spheres were placed in the second stage of the reactor. All other conditions were the same as
those used to synthesize the HCSs.

2.5. Characterization

The structural morphologies of these carbons were characterized by transmission electron
microscopy (TEM, FEI Tecnai T12; Thermo Fisher Scientific, Hillsboro, Oregon, USA), accelerated at
a voltage of 120 kV and scanning electron microscopy (SEM, FEI Nova Nanolab 600; Thermo Fisher
Scientific, Hillsboro, Oregon, USA), accelerated at a voltage of 30 kV. Samples for TEM measurements
were prepared by dropping a methanolic suspension of the various types of spheres onto a carbon
film supported on a copper grid. The samples for SEM measurements were prepared by placing a
carbon tape on top of a specimen holder and a small, representative amount of fine powder of the
various types of spheres was dusted on the tape. Raman spectral measurements were made with the
514.5 nm line of a Lexel Model 95 SHG argon ion laser and a Horiba LabRAM HR Raman spectrometer
(Horiba, Kyoto, Japan) with an Olympus BX41 microscope attachment. The laser was directed onto
the sample with a 100× objective and the laser power at the sample was 0.4 mW. The beam spot size
was a square of 10 micron × 10 micron, achieved by rastering the laser beam over a square with a
DuoScan attachment. The backscattered light was dispersed via a 600-lines/mm grating onto a liquid
nitrogen cooled CCD detector. The data acquisition software was LabSpec v5. The thermogravimetric
Analysis (TGA) of the carbons was performed using a Perkin Elmer STA 6000 (Perkin Elmer, Waltham,
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Massachusetts, USA), under an airflow of 20 mL·min−1 with a ramping temperature 10 ◦C·min−1 in
the temperature range from 35 to 900 ◦C. The sample weight of carbons used for the TGA analysis was
in the range 7.0 to 9.0 mg. The XPS analysis was performed on a Thermo ESCAlab 250Xi (Thermo
Fisher Scientific, Hillsboro, Oregon, USA) using monochromatic X-rays produced from Al Kα radiation
(1486.7eV electrons), and the experiments were performed at a pressure of 10−11 bar. All XPS analyses
were conducted at NMISA, CSIR, Pretoria.

3. Results and Discussion

Gaseous and liquid carbon materials can readily be used to make HCSs in a one-stage CVD
reactor [29,34,35]. However, the use of solid carbon materials requires the conversion of the solid
material into gaseous products in a preliminary step prior to decomposition of the carbon source.
Thus, the conversion of the solid plastic waste investigated in this study, that is, used polypropylene
centrifuge tubes, required a two-stage CVD furnace for the synthesis of carbon materials.

Polypropylene can readily be decomposed cleanly to propylene at T > 400 ◦C under inert gas
conditions and thus a temperature of 500 ◦C was chosen for the first stage CVD furnace to make
carbon spheres [26]. The temperature in the second stage of the reactor was initially chosen to range
from 800 ◦C to 1000 ◦C to decompose the propylene. From this set of data, 900 ◦C was chosen for the
study as this gave the SCSs a good yield and with diameters predominantly between 800 nm to 1200
nm (Supplementary Figure S2). The SEM images (Figure 2a) and TEM images (Figure 3a,b) of the
SCSs, synthesized at 900 ◦C, show the expected morphology for the SCSs—a spherical shape with a
smooth surface.
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The HCSs were made by a classical procedure [30,31], but using PP as the carbon source.
The propylene produced from the PP readily decomposed on the SiO2 spheres at 900 ◦C. The initial
silica spheres had a spherical shape and a size of ca. 1100 nm; after heating at 900 ◦C the spheres,
as expected, shrank (ca. 1000 nm). The carbon was then passed over the SiO2 template to give Si/C
spheres. The SiO2 template was then removed by HF to give the HCSs. SEM and TEM images
confirmed that the HCSs were hollow and had a diameter close to 1000 nm and a shell width of ca. 35
nm. (Supplementary Figure S2; Figure 2b, and Figure 3c,d). The SEM image showed that some of
the HCSs had holes in the surface due to insufficient coverage of the template by the carbon. Longer
reaction times and higher temperatures gave thicker shells.

The NHCSs materials were made by mixing melamine mixed with the solid plastic waste and by
then heating the mixture [36]. The melting point of melamine (345 ◦C) [37] is similar to the decomposition
temperature of PP (which melts at 130 ◦C). The removal of the SiO2 template produced NHCSs material
with a similar diameter (1000 nm) and a slightly thicker shell (40 nm) when compared to the HCSs
material (Supplementary Figure S2; Figure 3e,f). This was due to the extra amount of reactants that
were passed over the template (i.e., 1.0 g melamine and ca. 2 g PP), and was also mirrored by the
lack of broken spheres seen in the SEM images of the NHCSs (Figure 2c). High magnification images



Appl. Sci. 2019, 9, 2451 5 of 10

indicated that the HCSs and NHCSs sphere surfaces were rough (Figure 4). This was unexpected as
most studies have shown that the surface of hollow carbons is relatively smooth [30,31]. The surface
areas were measured and the SCSs had a low surface area as expected for CVD synthesized SCSs
(4 m2g−1), and these values increased to 25.7 m2g−1 (HCSs) and 42.1 m2g−1 (NHCSs) for the templated
materials. These values are low, implying poor porosity. This will most likely have implications for the
reactivity of the shells if these spheres are used in stabilizing metal catalysts on their carbon surfaces.Appl. Sci. 2019, 9, x FOR PEER REVIEW 5 of 10 

 

Figure 3. SEM images of (a,b) SCSs, (c,d) HCSs and (e,f) NHCSs (900 °C, 1 h reaction). 

The HCSs were made by a classical procedure [30,31], but using PP as the carbon source. The 

propylene produced from the PP readily decomposed on the SiO2 spheres at 900 °C. The initial silica 

spheres had a spherical shape and a size of ca. 1100 nm; after heating at 900 °C the spheres, as 

expected, shrank (ca. 1000 nm). The carbon was then passed over the SiO2 template to give Si/C 

spheres. The SiO2 template was then removed by HF to give the HCSs. SEM and TEM images 

confirmed that the HCSs were hollow and had a diameter close to 1000 nm and a shell width of ca. 

35 nm. (Supplementary Figure S2; Figure 2b, and Figures 3c,d). The SEM image showed that some of 

the HCSs had holes in the surface due to insufficient coverage of the template by the carbon. Longer 

reaction times and higher temperatures gave thicker shells. 

The NHCSs materials were made by mixing melamine mixed with the solid plastic waste and 

by then heating the mixture [36]. The melting point of melamine (345 °C) [37] is similar to the 

decomposition temperature of PP (which melts at 130 °C). The removal of the SiO2 template produced 

NHCSs material with a similar diameter (1000 nm) and a slightly thicker shell (40 nm) when 

compared to the HCSs material (Supplementary Figure S2; Figures 3e,f). This was due to the extra 

amount of reactants that were passed over the template (i.e., 1.0 g melamine and ca. 2 g PP), and was 

also mirrored by the lack of broken spheres seen in the SEM images of the NHCSs (Figure 2c). High 

magnification images indicated that the HCSs and NHCSs sphere surfaces were rough (Figure 4). 

This was unexpected as most studies have shown that the surface of hollow carbons is relatively 

smooth [30,31]. The surface areas were measured and the SCSs had a low surface area as expected for 

CVD synthesized SCSs (4 m2g−1), and these values increased to 25.7 m2g−1 (HCSs) and 42.1 m2g−1 

(NHCSs) for the templated materials. These values are low, implying poor porosity. This will most 

Figure 3. SEM images of (a,b) SCSs, (c,d) HCSs and (e,f) NHCSs (900 ◦C, 1 h reaction).

Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 10 

likely have implications for the reactivity of the shells if these spheres are used in stabilizing metal 

catalysts on their carbon surfaces. 

 

Figure 4. High magnification TEM images of the surface of (a) HCSs and (b) NHCSs. 

TGA data were recorded for the PP and PP silica coated materials (not shown), and the silica 

residues determined from the carbon oxidation reaction in the TGA provided for a measure of the 

carbon yields (ca. 18% for the HCS and ca. 12% for the NHCS materials). The TGA data for the SCSs, 

HCSs, and NHCSs materials are presented in Figure 5. The data for the SCSs show the expected loss 

of graphitic-like carbon with the derivative peak maximum between 600 °C and 750 °C, with no 

residual material remaining after the carbon oxidation. Interestingly, the HCSs show two derivative 

maxima, one at ca. 380 °C and the other at ca. 680 °C. The peak at 380 °C is suggestive of the loss of 

amorphous (or polymeric) carbon while the weight loss at 680 °C is consistent with loss of graphitic 

type carbon. The broader derivative peak observed for the solid spheres is expected. However, 

doping with N normally leads to a decrease in carbon stability that is not observed here. This could 

relate to the amorphous/polymeric material that was removed from the HCSs that led to easier 

oxidation of the remaining carbon in this material. 

 

Figure 5. TGA and derivative curves for the SCSs, HCSs, and NHCSs. 

Raman data were also recorded on the three spherical carbon nanomaterials (Figure 6). The 

typical carbon D and G bands were observed at ca. 1280 cm-1 and ca. 1600 cm-1 that indicate the 

amorphous/graphitic (and sp2/sp3) content of the carbon [38]. The G band position was invariant in 

the three samples while the D band showed an increase in peak position for the HCS and NHCS 

samples. The ID/IG ratios for these bands gave values of 0.51 (SCSs), 0.50 (HCSs) and 0.54 (NHCSs) 

showing good aromatic content. The addition of N to the HCS indicated a modest increase in 

disorder, as expected for N-doped carbons. These values can be compared to HCSs (and NHCSs) 

made from traditional carbon sources such as acetylene and acetonitrile where more disordered 

graphitic structures were observed (ID/IG > 1) [39,40] 

Figure 4. High magnification TEM images of the surface of (a) HCSs and (b) NHCSs.

TGA data were recorded for the PP and PP silica coated materials (not shown), and the silica
residues determined from the carbon oxidation reaction in the TGA provided for a measure of the
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carbon yields (ca. 18% for the HCS and ca. 12% for the NHCS materials). The TGA data for the SCSs,
HCSs, and NHCSs materials are presented in Figure 5. The data for the SCSs show the expected loss of
graphitic-like carbon with the derivative peak maximum between 600 ◦C and 750 ◦C, with no residual
material remaining after the carbon oxidation. Interestingly, the HCSs show two derivative maxima,
one at ca. 380 ◦C and the other at ca. 680 ◦C. The peak at 380 ◦C is suggestive of the loss of amorphous
(or polymeric) carbon while the weight loss at 680 ◦C is consistent with loss of graphitic type carbon.
The broader derivative peak observed for the solid spheres is expected. However, doping with N
normally leads to a decrease in carbon stability that is not observed here. This could relate to the
amorphous/polymeric material that was removed from the HCSs that led to easier oxidation of the
remaining carbon in this material.
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Figure 5. TGA and derivative curves for the SCSs, HCSs, and NHCSs.

Raman data were also recorded on the three spherical carbon nanomaterials (Figure 6). The typical
carbon D and G bands were observed at ca. 1280 cm−1 and ca. 1600 cm−1 that indicate the
amorphous/graphitic (and sp2/sp3) content of the carbon [38]. The G band position was invariant in the
three samples while the D band showed an increase in peak position for the HCS and NHCS samples.
The ID/IG ratios for these bands gave values of 0.51 (SCSs), 0.50 (HCSs) and 0.54 (NHCSs) showing good
aromatic content. The addition of N to the HCS indicated a modest increase in disorder, as expected
for N-doped carbons. These values can be compared to HCSs (and NHCSs) made from traditional
carbon sources such as acetylene and acetonitrile where more disordered graphitic structures were
observed (ID/IG > 1) [39,40]

XPS spectra were recorded for the three samples (Figure 7a; Supplementary Figures S3–S5 and
Tables S1–S3). In all cases C and O were observed and some residual F (1%–2%) was noted in the
NHCS and HCS materials. The residual F was readily removed by further washing with water. The C
and O content of the SCS and HCS is given in Tables S2 and S3, and are typical of these types of
materials. The N content was found to be 3.8%—again a common dopant loading found for NHCSs.
Deconvolution of the N peak indicated four types of N atoms [41–43]: pyridinic N (21 %; 397,90 eV),
pyrollic N (17%; 399.0 eV), graphitic N (45%; 400.82 eV), and N-O (17 %, 402.9 eV). These types of
N atoms are found in varying ratios in N-doped graphitic carbon materials, and their ratios were
determined by the nitrogen source, the carbon source, and the reaction temperature.
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4. Conclusions

A facile method was developed to make spherical carbon materials from waste polypropylene
centrifuge tubes. The CVD method entails the use of a two-stage reactor to convert the polypropylene
into propylene, and finally into carbon spheres (CSs). The methodology used is similar to that used to
make similar carbons (solid carbon spheres, hollow carbon spheres, N-doped hollow carbon spheres)
from gaseous and liquid hydrocarbon sources. The CSs were characterized by standard procedures
(TEM, SEM, XPS, TGA, Raman spectroscopy). The SEM and TEM data revealed that the carbons
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had diameters of about 1000 nm while Raman data revealed that the material had good graphitic
characteristics (ID/IG < 1)). The carbons are pure materials, contain no metal catalyst residues (as found
in CNTs), and potentially can be used in many outlets where CSs are commonly used (batteries, fuel
cells, capacitors, and as catalyst supports). A simple procedure is thus available to convert PP waste
into higher value materials as an alternative to their placement in landfill sites.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/9/12/2451/s1,
Figure S1: (A) Schematic of the apparatus (modified form from ref [21]), (B) Schematic view of the two stage based
CVD furnace used for the synthesis of CSs from polypropylene (a) SCSs, (b) Si@CSs and (c) Si@NCSs. Figure S2:
Diameter distribution of (a) SCSs, (b) HCSs and (c) and NHCSs. Figure S3: High resolution XPS data for (a) C1s
and (b) O1s XPS spectra of HCS sample. Figure S4: High resolution XPS data for (a) C1s, (b) N1s and (c) O1s XPS
spectra of NHCS sample. Figure S5: High resolution XPS data for (a) C1s and (b) O1s XPS spectra of SCS sample.
Table S1: Summary of XPS data. Table S2: XPS component peak positions. Table S3: Summary of % concentration
of all bonds in the samples.

Author Contributions: Conceptualization, P.T.; methodology, P.T., N.C.; formal analysis, P.T., N.C., S.D.;
writing—original draft preparation, P.T., N.C.; writing—review and editing, P.T., N.C., S.D.; supervision, S.D.,
N.C.; funding acquisition, N.C.

Acknowledgments: This research work was supported by the DST-NRF Centre of Excellence in Strong Materials
(CoE-SM) at the University of the Witwatersrand. Authors are thankful to Boitumelo Matsoso for assistance with
collecting the Raman spectroscopy data and for analysis of the XPS data. The authors are also thankful to the
MMU, University of the Witwatersrand for the use of the TEM and SEM characterization facilities.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. García, J.M. Catalyst: Design Challenges for the Future of Plastics Recycling. Chem 2016, 1, 813–815.
[CrossRef]

2. Helms, B.A.; Russell, T.P. Reaction: Polymer Chemistries Enabling Cradle-to-Cradle Life Cycles for Plastics.
Chem 2016, 1, 816–818. [CrossRef]

3. Al-Salem, S.M.; Lettieri, P.; Baeyens, J. Recycling and recovery routes of plastic solid waste (PSW): A review.
Waste Manag. 2009, 29, 2625–2643. [CrossRef] [PubMed]

4. Guinée, J.B.; Cucurachi, S.; Henriksson, P.J.G.; Heijungs, R. Digesting the alphabet soup of LCA. Int. J. Life
Cycle Assess. 2018, 23, 1507–1511. [CrossRef] [PubMed]

5. Klemchuk, P.P. Degradable plastics: A critical review. Polym. Degrad. Stab. 1990, 27, 183–202. [CrossRef]
6. Yousif, E.; Haddad, R. Photodegradation and photostabilization of polymers, especially polystyrene: Review.

SpringerPlus 2013, 2, 398. [CrossRef]
7. Yang, Y.; Yang, J.; Wu, W.; Zhao, J.; Song, Y.; Gao, L.; Yang, R.; Jiang, L. Biodegradation and Mineralization of

Polystyrene by Plastic-Eating Mealworms: Part 1. Chemical and Physical Characterization and Isotopic
Tests. Environ. Sci. Technol. 2015, 49, 12080–12086. [CrossRef]

8. Hamad, K.; Kaseem, M.; Deri, F. Recycling of waste from polymer materials: An overview of the recent
works. Polym. Degrad. Stab. 2013, 98, 2801–2812. [CrossRef]

9. Datta, J.; Kopczyńska, P. From polymer waste to potential main industrial products: Actual state of recycling
and recovering. Crit. Rev. Environ. Sci. Technol. 2016, 46, 905–946. [CrossRef]

10. Zhang, X.; Lei, H. Synthesis of high-density jet fuel from plastics via catalytically integral processes. RSC Adv.
2016, 6, 6154–6163. [CrossRef]

11. Liu, J.; Wickramaratne, N.P.; Qiao, S.Z.; Jaroniec, M. Molecular-based design and emerging applications of
nanoporous carbon spheres. Nat. Mater. 2015, 14, 763–774. [CrossRef]

12. Antolini, E. Nitrogen-doped carbons by sustainable N-and C-containing natural resources as nonprecious
catalysts and catalyst supports for low temperature fuel cells. Renew. Sust. Energ. Rev. 2016, 58, 34–51.
[CrossRef]

13. Feng, S.; Li, W.; Shi, Q.; Li, Y.; Chen, J.; Ling, Y.; Asiri, A.M.; Zhao, D. Synthesis of nitrogen-doped hollow
carbon nanospheres for CO2 capture. Chem. Commun. 2014, 50, 329–331. [CrossRef] [PubMed]

14. Maddah, H.A. Polypropylene as a promising plastic: A review. Am. J. Polym. Sci. 2016, 6, 1–11.

http://www.mdpi.com/2076-3417/9/12/2451/s1
http://dx.doi.org/10.1016/j.chempr.2016.11.003
http://dx.doi.org/10.1016/j.chempr.2016.11.016
http://dx.doi.org/10.1016/j.wasman.2009.06.004
http://www.ncbi.nlm.nih.gov/pubmed/19577459
http://dx.doi.org/10.1007/s11367-018-1478-0
http://www.ncbi.nlm.nih.gov/pubmed/30996532
http://dx.doi.org/10.1016/0141-3910(90)90108-J
http://dx.doi.org/10.1186/2193-1801-2-398
http://dx.doi.org/10.1021/acs.est.5b02661
http://dx.doi.org/10.1016/j.polymdegradstab.2013.09.025
http://dx.doi.org/10.1080/10643389.2016.1180227
http://dx.doi.org/10.1039/C5RA25327F
http://dx.doi.org/10.1038/nmat4317
http://dx.doi.org/10.1016/j.rser.2015.12.330
http://dx.doi.org/10.1039/C3CC46492J
http://www.ncbi.nlm.nih.gov/pubmed/24231764


Appl. Sci. 2019, 9, 2451 9 of 10

15. Wu, C.; Nahil, M.A.; Miskolczi, N.; Huang, J.; Williams, P.T. Processing Real-World Waste Plastics by
Pyrolysis-Reforming for Hydrogen and High-Value Carbon Nanotubes. Environ. Sci. Technol. 2014, 48,
819–826. [CrossRef] [PubMed]

16. Pol, V.G. Upcycling: Converting Waste Plastics into Paramagnetic, Conducting, Solid, Pure Carbon
Microspheres. Environ. Sci. Technol. 2010, 44, 4753–4759. [CrossRef] [PubMed]

17. Pol, V.G.; Thackeray, M.M. Spherical carbon particles and carbon nanotubes prepared by autogenic reactions:
Evaluation as anodes in lithium electrochemical cells. Energy Environ. Sci. 2011, 4, 1904–1912. [CrossRef]

18. Min, J.; Zhang, S.; Li, J.; Klingeler, R.; Wen, X.; Chen, X.; Zhao, X.; Tang, T.; Mijowska, E. From polystyrene
waste to porous carbon flake and potential application in supercapacitor. Waste Manag. 2019, 85, 333–340.
[CrossRef]

19. Gong, J.; Liu, J.; Chen, X.; Wen, X.; Jiang, Z.; Mijowska, E.; Wang, Y.; Tang, T. Synthesis, characterization and
growth mechanism of mesoporous hollow carbon nanospheres by catalytic carbonization of polystyrene.
Microporous Mesoporous Mater. 2013, 176, 31–40. [CrossRef]

20. Chung, Y.-H.; Jou, S. Carbon nanotubes from catalytic pyrolysis of polypropylene. Mater. Chem. Phys. 2005,
92, 256–259. [CrossRef]

21. Nishino, H.; Nishida, R.; Matsui, T.; Kawase, N.; Mochida, I. Growth of amorphous carbon nanotube from
poly(tetrafluoroethylene) and ferrous chloride. Carbon 2003, 41, 2819–2823. [CrossRef]

22. Wu, Z.J.; Kong, L.J.; Hu, H.; Tian, S.H.; Xiong, Y. Adsorption performance of hollow spherical sludge carbon
prepared from sewage sludge and polystyrene foam wastes. ACS Sustain. Chem. Eng. 2015, 3, 552–558.
[CrossRef]

23. Liang, K.; Liu, L.; Wang, W.; Yu, Y.; Wang, Y.; Zhang, L.; Ma, C.; Chen, A. Conversion of waste plastic into
orderedmesoporous carbon for electrochemical applications. J. Mater. Res. 2019, 34, 941–949. [CrossRef]

24. Arena, U.; Mastellone, M.L.; Camino, G.; Boccaleri, E. An innovative process for mass production of
multi-wall carbon nanotubes by means of low-cost pyrolysis of polyolefins. Polym. Degrad. Stab. 2006, 91,
763–768. [CrossRef]

25. Chen, X.; Wang, H.; He, J. Synthesis of carbon nanotubes and nanospheres with controlled morphology
using different catalyst precursors. Nanotechnology 2008, 19, 325607. [CrossRef] [PubMed]

26. Tripathi, P.K.; Durbach, S.; Coville, N.J. Synthesis of Multi-Walled Carbon Nanotubes from Plastic Waste
Using a Stainless-Steel CVD Reactor as Catalyst. Nanomaterials 2017, 7, 284. [CrossRef] [PubMed]

27. Mohsenian, S.; Esmaeili, M.S.; Fathi, J.; Shokri, B. Synthesis of carbon nano-spheres and nano-tubes by
thermal plasma processing of polypropylene. Appl. Phys. A 2018, 124, 546. [CrossRef]

28. Zhang, P.; Qiao, Z.-A.; Dai, S. Recent advances in carbon nanospheres: Synthetic routes and applications.
Chem. Commun. 2015, 51, 9246–9256. [CrossRef]

29. Deshmukh, A.A.; Mhlanga, S.D.; Coville, N.J. Carbon spheres. Mater. Sci. Eng. R Rep. 2010, 70, 1–28.
[CrossRef]

30. Wang, X.; Feng, J.; Bai, Y.; Zhang, Q.; Yin, Y. Synthesis, Properties, and Applications of Hollow
Micro-/Nanostructures. Chem. Rev. 2016, 116, 10983–11060. [CrossRef]

31. Li, S.; Pasc, A.; Fierro, V.; Celzard, A. Hollow carbon spheres, synthesis and applications—A review. J. Mater.
Chem. A 2016, 4, 12686–12713. [CrossRef]

32. Stöber, W.; Fink, A.; Bohn, E. Controlled growth of monodisperse silica spheres in the micron size range.
J. Colloid Interface Sci. 1968, 26, 62–69. [CrossRef]

33. Kim, J.H.; Fang, B.; Kim, M.; Yu, J.-S. Hollow spherical carbon with mesoporous shell as a superb anode
catalyst support in proton exchange membrane fuel cell. Catalys. Today 2009, 146, 25–30. [CrossRef]

34. Jin, Y.Z.; Gao, C.; Hsu, W.K.; Zhu, Y.; Huczko, A.; Bystrzejewski, M.; Roe, M.; Lee, C.Y.; Acquah, S.;
Kroto, H.; et al. Large-scale synthesis and characterization of carbon spheres prepared by direct pyrolysis of
hydrocarbons. Carbon 2005, 43, 1944–1953. [CrossRef]

35. Gutiérrez-García, C.J.; Ambriz-Torres, J.M.; Contreras-Navarrete, J.d.J.; Granados-Martínez, F.G.;
García-Ruiz, D.L.; García-González, L.; Zamora-Peredo, L.; Fernando Ortega-Varela, L.; Richaud, A.;
Méndez, F.; et al. Synthesis of carbon spheres by atmospheric pressure chemical vapor deposition from a
serial of aromatic hydrocarbon precursors. Phys. E Low-dimens. Syst. Nanostruct. 2019. [CrossRef]

36. Hlekelele, L.; Franklyn, P.J.; Tripathi, P.K.; Durbach, S.H. Morphological and crystallinity differences in
nitrogen-doped carbon nanotubes grown by chemical vapour deposition decomposition of melamine over
coal fly ash. RSC Adv. 2016, 6, 76773–76779. [CrossRef]

http://dx.doi.org/10.1021/es402488b
http://www.ncbi.nlm.nih.gov/pubmed/24283272
http://dx.doi.org/10.1021/es100243u
http://www.ncbi.nlm.nih.gov/pubmed/20481621
http://dx.doi.org/10.1039/C0EE00256A
http://dx.doi.org/10.1016/j.wasman.2019.01.002
http://dx.doi.org/10.1016/j.micromeso.2013.03.039
http://dx.doi.org/10.1016/j.matchemphys.2005.01.023
http://dx.doi.org/10.1016/S0008-6223(03)00398-1
http://dx.doi.org/10.1021/sc500840b
http://dx.doi.org/10.1557/jmr.2018.493
http://dx.doi.org/10.1016/j.polymdegradstab.2005.05.029
http://dx.doi.org/10.1088/0957-4484/19/32/325607
http://www.ncbi.nlm.nih.gov/pubmed/21828820
http://dx.doi.org/10.3390/nano7100284
http://www.ncbi.nlm.nih.gov/pubmed/28937596
http://dx.doi.org/10.1007/s00339-018-1983-9
http://dx.doi.org/10.1039/C5CC01759A
http://dx.doi.org/10.1016/j.mser.2010.06.017
http://dx.doi.org/10.1021/acs.chemrev.5b00731
http://dx.doi.org/10.1039/C6TA03802F
http://dx.doi.org/10.1016/0021-9797(68)90272-5
http://dx.doi.org/10.1016/j.cattod.2009.02.013
http://dx.doi.org/10.1016/j.carbon.2005.03.002
http://dx.doi.org/10.1016/j.physe.2019.04.007
http://dx.doi.org/10.1039/C6RA16858B


Appl. Sci. 2019, 9, 2451 10 of 10

37. Heath, R. Chapter 25—Aldehyde Polymers: Phenolics and Aminoplastics. In Brydson’s Plastics Materials,
8th ed.; Gilbert, M., Ed.; Butterworth-Heinemann: Oxford, UK, 2017; pp. 705–742. [CrossRef]

38. Ferrari, C.; Robertson, J. Interpretation of Raman spectra of disordered and amorphous carbon. Phys. Rev. B
2000, 61, 14095–14107. [CrossRef]

39. Xiong, H.; Moyo, M.; Motchelaho, M.A.; Tetana, Z.N.; Dube, S.M.A.; Jewell, L.L.; Coville, N.J. Fischer–Tropsch
synthesis: Iron catalysts supported on N-doped carbon spheres prepared by chemical vapor deposition and
hydrothermal approaches. J. Catal. 2014, 311, 80–87. [CrossRef]

40. Xiong, H.; Moyo, M.; Motchelaho, M.A.; Jewell, L.L.; Coville, N.J. Fischer–Tropsch synthesis over model
iron catalysts supported on carbon spheres: The effect of iron precursor, support pretreatment, catalyst
preparation method and promoters. Appl. Catal. A Gen. 2010, 388, 168–178. [CrossRef]

41. Marzorati, S.; Vasconcelos, J.M.; Ding, J.; Longhi, M.; Colavita, P.E. Journal of Materials Chemistry.
A Materiuals. Energy Sustain. 2015, 3, 18920–18927.

42. Nongwe, I.; Ravat, V.; Meijboom, R.; Coville, N.J. Efficient and reusable Co/nitrogen doped hollow carbon
sphere catalysts for the aerobic oxidation of styrene. Appl. Catal. A Gen. 2013, 466, 1–8. [CrossRef]

43. Deshmukh, A.A.; Islam, R.U.; Witcomb, M.J.; van Otterlo, W.A.L.; Coville, N.J. Catalytic Activity of Metal
Nanoparticles Supported on Nitrogen-Doped Carbon Spheres. ChemCatChem 2010, 2, 51–54. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/B978-0-323-35824-8.00025-6
http://dx.doi.org/10.1103/PhysRevB.61.14095
http://dx.doi.org/10.1016/j.jcat.2013.11.007
http://dx.doi.org/10.1016/j.apcata.2010.08.039
http://dx.doi.org/10.1016/j.apcata.2013.06.014
http://dx.doi.org/10.1002/cctc.200900224
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Chemicals 
	Synthesis of SCSs 
	Synthesis of HCSs 
	Nitrogen-Doped HCSs 
	Characterization 

	Results and Discussion 
	Conclusions 
	References

